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16 High altitudes are physiologically challenging: the hypobaria, hypoxia, cold, and 
17 increased UV radiation means humans ascending to high-altitude faster than they 
18 acclimatise risk life-threatening illnesses. Despite such challenges, birds can thrive at 
19 high altitudes and some even complete metabolically costly migrations across the 
20 world’s highest mountain ranges. We outline the aspects of avian anatomy and 
21 physiology that confer advantages at each level of the oxygen transport cascade and 
22 compare them with those of human and non-human mammals. We also discuss 
23 additional adaptations that have been described for high-altitude specialist species of 
24 birds and how these are mirrored in high-altitude adapted mammals. 
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30 High-altitude environments present a range of challenges to life, including cold, 
31 dehydration, increased exposure to solar radiation, malnutrition and hypobaric hypoxia 
32 (Bouverot, 1985). Above 2,000 m altitude humans may begin to suffer from high-
33 altitude illnesses (reviewed in Bärtsch and Swenson, 2013). Despite this, elite human 
34 mountaineers may spend years (and tens of thousands of dollars) preparing for 
35 ascents of the world’s highest peaks (Fig. 1). 
36 To survive in high-altitude environments, animals require a suite of physiological 
37 adjustments along the oxygen transport cascade to maintain an adequate supply of 
38 oxygen to respiring organs and tissues (Fig. 2). These adjustments may take any, or 
39 all, of three forms. First, those that are fixed as the result of generations of adaptation 
40 (the process of selection pressures increasing the expression of genes that alter 
41 physical or behavioural features at a species or population level (Willmer et al., 2005)). 
42 For example some human populations have adapted to life at high altitude, and these 
43 adaptations vary with respect to geographical origin (e.g. Tibetan versus Andean 
44 people, see reviews elsewhere (Azad et al., 2017; Beall, 2007)). Second, short-term 
45 phenotypically plastic responses (referred to as “acute hypoxia responses” from now 
46 on), which are almost instantaneous responses to hypoxia exposure, but are usually 
47 temporary and reversible (Piersma and van Gils, 2011). Third, longer-term plastic 
48 responses following continued exposure, also known as ‘acclimatisation’, which can 
49 last for days to years. Acclimatisation enables humans native to low altitudes to 
50 transiently visit extremely high altitudes, for example to climb the world’s 14 mountains 
51 over 8,000 m without the use of supplementary oxygen (Hawley et al., 2018; Wolfel et 
52 al., 1991).
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53 Birds, regardless of the altitude at which they live, display essential features of their 
54 anatomy and physiology that put them at an advantage compared to mammals in 
55 hypoxic environments at high altitude. This was demonstrated by Tucker (1968) using 
56 a very simple hypoxic chamber experiment. After rapid ascent to a simulated altitude 
57 of 6,100 m, a mouse was rendered comatose whilst a house sparrow was able to 
58 maintain flight in a wind tunnel. The features of avian physiology that enabled this high 
59 tolerance for hypoxia are not necessarily the direct result of evolutionary adaptations 
60 following chronic hypoxic selection pressures, rather they likely evolved due to the 
61 high oxygen demands required to sustain flight. Flight is a very costly form of 
62 locomotion in terms of oxygen demand, requiring some 10-12 times resting metabolic 
63 rate (Bishop et al., 2002). Powered flight also evolved in bats, which (like birds) are 
64 also capable of high rates of oxygen consumption ( ) (reviewed in Maina, 2000). 𝑉𝑂2
65 High  may therefore serve as a preadaptation for tolerating hypoxia in birds, and 𝑉𝑂2
66 to some degree bats (Thomas et al., 1995), which weather radars have estimated to 
67 transiently visit altitudes up to 3,000 m (Peurach, 2001; Williams et al., 1973).
68 In contrast to the majority of avian species, some species of birds spend a portion of 
69 their lives at high altitude (either migrating or residing there, Fig.1) and can thus 
70 tolerate hypoxia better, due to additional adaptations or greater ability to make further 
71 temporary physiological adjustments (such species will be referred to as ‘high-altitude 
72 adapted’ birds from now on). The best studied high-altitude adapted avian species is 
73 the bar-headed goose (Anser indicus), which completes a trans-Himalayan migration, 
74 including a climb of 4,000 to 5,000 m from sea level in just 7 to 8 hours between 
75 wintering grounds in south Asia to breeding grounds in central China and Mongolia 
76 (Hawkes et al., 2011, 2012). On exposure to progressive hypoxia in laboratory studies 
77 (so removing the other stressors present at high altitude and the added costs of flight), 
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78 bar-headed geese were able to remain standing and alert at a simulated altitude of 
79 12,190 m, whereas lowland Canada geese were unable to stand at altitudes higher 
80 than 10,668 m (Black and Tenney, 1980a), though both altitudes were considerably 
81 higher than low-altitude mammals could tolerate (Tucker, 1968). 
82 In addition to bar-headed geese, other avian migrants fly at very high altitudes (> 5,000 
83 m) during their flights, potentially in search of favourable conditions (Senner et al., 
84 2018). However, to date, the highest altitudes directly recorded using tracking tags are 
85 7,290 m for a bar-headed goose, and 6,800 m for a ruddy shelduck, although both 
86 species remain below 5,500 m for the overwhelming majority (95%) of their migration 
87 (Hawkes et al., 2011; Parr et al., 2017). As well as visitors to high altitude, several 
88 avian species that are resident at high altitude have become the subject of recent 
89 studies of high-altitude physiology and comparative transcriptomics. These species 
90 include passerines (perching birds) of the Himalayas (Grewal, 2017; Hao et al., 2019) 
91 and multiple species of waterfowl in the Andes, such as torrent duck (Merganetta 
92 armata, found up to 4,500 m in riverain habitats of the Andes (Dawson et al., 2016)) 
93 and Andean geese (Neochen melanoptera, resident at 6,000 m (Maina et al., 2017), 
94 Fig. 1). Several mammalian species also reside at high altitude, including yak (Bos 
95 grunniens), llama (Lama glama) and vicuna (Vicugna vicugna). The high-altitude 
96 physiology of deer mice (Peromyscus maniculatus) has also been increasingly studied 
97 given the large altitudinal ranges and possibility for translocation experiments between 
98 low and high altitude populations (reviewed in Storz et al., 2019). The present review 
99 contrasts the mammalian and in particular human responses to high-altitude hypoxia 
100 with those of birds, at each level of the oxygen transport cascade, highlighting where 
101 the high-altitude environment has resulted in similar and divergent phenotypic 
102 adaptations. 
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104 In humans, the partial pressure of arterial oxygen ( ) falls within minutes of 𝑃𝑎𝑂2
105 exposure to hypobaric hypoxia. Ventilation increases in response (Fig. 2A) and, while 
106 it may temporarily arrest the decline in , it also causes hypocapnia; a reduction in 𝑃𝑎𝑂2
107 the partial pressure of arterial carbon dioxide ( ), leading to respiratory alkalosis. 𝑃𝑎𝐶𝑂2
108 Ultimately, this limits the initial hypoxic ventilatory response (HVR) (reviewed in 
109 Dempsey et al., 1974). Only over a period of days (duration dependent on altitude, 
110 ascent rate and individual capacity) can ventilation rates slowly rise again in 
111 lowlanders visiting high-altitude (reviewed in Hoiland et al., 2018). This is achieved by 
112 balancing respiratory alkalosis with (primarily) an increase in renal bicarbonate loss, 
113 offsetting the alkalaemia, and allowing a progressive increase in ventilation and . 𝑃𝑎𝑂2
114 Humans resident at high altitude generally have an HVR that is similar to that of 
115 lowlanders, although a blunting of HVR has been described in Tibetans living above 
116 4,000 m (Curran et al., 1995; but for review see Gilbert-Kawai et al., 2014). High-
117 altitude non-human mammals such as high-altitude deer mice and plateau pika 
118 (Ochotona curzoniae) are also able to increase total ventilation in response to acute 
119 hypoxia to a greater extent than low altitude populations (Pichon et al., 2009; reviewed 
120 in Ivy and Scott, 2017) suggesting an evolved increase in capacity for acute hypoxia 
121 responses (reviewed in Storz et al., 2010).
122 Birds too display a hypoxic ventilatory response, increasing breathing rates as  𝑃𝑎𝑂2
123 drops (Fig. 2A) (for review see Ivy and Scott, 2014). However, it takes much longer for 
124  to fall in birds because of the remarkable avian respiratory system. In contrast to 𝑃𝑎𝑂2
125 the mammalian lung, the avian lung is a unidirectionally ventilated structure, with a 
126 system of avascular air sacs distributed throughout the body that mechanically 
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127 ventilate a relatively rigid lung (Scheid, 1979) (Fig. 2A). The consequence of this 
128 arrangement is a lung surface that is exposed to fresh oxygenated air on both 
129 inhalation when a body of air enters the lung in passage to the anterior air sacs, then 
130 again on exhalation, as a separate body of air is expelled from the posterior air sacs 
131 through the lung (Banzett et al., 1987, 1991). Thus the avian pulmonary gas exchange 
132 surface has twice the opportunity for oxygen extraction per unit of time as the 
133 mammalian lung (Scheid et al., 1972). In addition, when  drops low enough to 𝑃𝑎𝑂2
134 stimulate a hypoxic ventilatory response, birds are able to continue hyperventilating 
135 despite hypocapnia either due to a greater capacity to buffer blood pH following 
136 respiratory alkalosis (Dodd et al., 2007; reviewed in Scott, 2011) or through 
137 insensitivity of avian brain tissue to hypocapnia (discussed below, Fig. 2D). As a result, 
138 ventilation rates are not suppressed to the same extent as in mammals. 
139 In high-altitude adapted avian species, the HVR is more powerful than in lowland birds 
140 (Scott and Milsom, 2007). Bar-headed geese increase total ventilation on exposure to 
141 hypoxia by increasing tidal volume in addition to respiratory frequency, a strategy that 
142 differs from low altitude waterfowl that increase only ventilation rate (Scott and Milsom, 
143 2007). Increasing tidal volume reduces the proportional contribution of anatomical 
144 dead space ventilation, and as a result bar-headed geese sustain greater total 
145 ventilation for a given fraction of inspired oxygen than low altitude geese, suggesting 
146 they have evolved a greater capacity for acute responses to hypoxia (Lague et al., 
147 2016). In addition, exposure to hypoxia during development appears to modify this 
148 response further: bar-headed geese raised at high altitude (3,200 m) can sustain a 
149 greater HVR than bar-headed geese raised at sea level (Lague et al., 2016). Both 
150 groups of bar-headed geese in this case may respond to declines in  similarly, 𝑃𝑎𝑂2
151 but the response in low altitude raised waterfowl is likely partially inhibited by 
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152 responses to hypocapnia (Lague et al., 2016). This suggests that bar-headed geese 
153 in the wild (breeding grounds in Mongolia and the Tibetan-Qinghai Plateau are 
154 between 2,000 – 4,500 m) may have an enhanced capacity for acute hypoxia 
155 responses to high-altitude hypoxia. This increased capacity is likely the result of 
156 reduced sensitivity to hypocapnia (rather than increased response to hypoxic signals) 
157 relative to conspecifics and so bar-headed geese have less restriction of minute 
158 ventilation (Scott and Milsom, 2007; Slessarev et al., 2010).
159 PULMONARY OXYGEN DIFFUSION
160 At the pulmonary interface, oxygen must diffuse into the blood at a rate determined by 
161 the pulmonary oxygen diffusion capacity. This is increased in Tibetan and Andean 
162 human populations through a larger pulmonary volume relative to lowlanders 
163 (Brutsaert, 2007). Larger lungs have also been found in mice (Phyllotis darwini) living 
164 at high altitudes (4,660 m) relative to sea level populations (Pearson and Pearson, 
165 1976). High-altitude adapted birds also have larger lungs relative to low altitude 
166 species (Scott et al., 2011), but (regardless of altitude exposure), birds have on 
167 average 15% larger lung surface areas than mammals of equivalent body mass 
168 (reviewed in West, 2009). The blood-gas barrier is also considerably thinner in birds 
169 than mammals (Fig. 2B). Non-volant mammalian blood gas barriers can range from 
170 0.33 µm (Etruscan shrew, Suncus etruscus, Gehr et al., 1980) to 0.72 µm (domestic 
171 pig, Sus scrofa domesticus, Meban, 1980), although heightened oxygen demand in 
172 bats has selected for a thinner blood gas barrier (range 0.20 - 0.28 µm in the hairless 
173 bat (Cheiromeles torquatus) and lesser short nosed fruit bat (Cynopterus brachyotis) 
174 relative to non-volant mammals (Maina and King, 1984). In contrast, blood gas barriers 
175 of 0.1 µm are not unusual in birds (such as waterfowl, sea birds and passerines but 
176 thickness can range from <0.1 µm (hummingbirds) to 0.56 µm in non-volant birds such 
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177 as ostriches, Dubach, 1981; Maina and West, 2005; reviewed in West et al., 2007). 
178 Perhaps surprisingly, given the thinness of the avian blood gas barrier, the avian lung 
179 surface is much stronger than that of mammals. It is less susceptible to stress failures 
180 and more resistant to pressure than in the mammalian lung (Watson et al., 2007, 
181 2008). 
182 In the avian lung, gas exchange is also far more effective than in mammals, not only 
183 as the result of unidirectional air flow, but also because of a cross-current gas 
184 exchange system (Fig. 2B), that theoretically allows  to exceed the partial 𝑃𝑎𝑂2
185 pressure of oxygen ( ) of expired air (Scheid and Piiper, 1972). Air capillaries are 𝑃𝑂2
186 intertwined with blood capillaries that deliver oxygenated blood to blood vessels 
187 running perpendicular to rigid parabronchioles, and therefore the diffusion difference 
188 of oxygen is not diminished across the length of the avian parabronchioles (reviewed 
189 in Scott, 2011). Indeed, the cross-current arrangement of the air and blood capillaries 
190 in birds may be so significant that Powell and Scheid (1989) estimated that a human 
191 climber on Mount Everest could climb 780 m higher if they had an avian parabronchial 
192 lung arrangement (reviewed in Maina, 2015). Although it has been little studied in wild 
193 flying birds (given the technical challenges), the avian lung is likely overall a far more 
194 effective gas exchange organ than the mammalian lung (but see Thomas et al., 1984). 
195 In addition to the general avian advantage over mammals, high-altitude adapted birds 
196 may be able to increase pulmonary oxygen extraction over that of low-altitude species 
197 (McCracken et al., 2009b; Natarajan et al., 2015; York et al., 2017). For example, work 
198 in waterfowl (Andean geese and crested ducks) has suggested that extraction 
199 efficiency can increase with altitude up to 90% (recorded at a simulated altitude of 
200 11,000 m in Andean geese) but is ~45% at 12.2 kPa partial pressures of inspired 
201 oxygen (approximately 4,500 m). In contrast, bar-headed geese maintain a consistent 
Page 9 of 41
Mary Ann Liebert, Inc., 140 Huguenot Street, New Rochelle, NY 10801





























































For Peer Review ONLY/Not for Distribution
10
Parr
202 extraction efficiency of ~40% across all altitudes (Laguë et al., 2017). The increased 
203 capillarity of the blood-gas interface, and a proportionally larger lung surface area of 
204 Andean geese relative to bar-headed geese (despite the relatively larger lung of bar-
205 headed geese in comparison to lowland waterfowl (Scott et al., 2011)) has been 
206 suggested as a possible mechanism for this difference in extraction capabilities (Laguë 
207 et al., 2017; Maina et al., 2017; York et al., 2017). Differences in Andean geese and 
208 bar-headed geese lung morphology and extraction effective in acute hypoxia highlight 
209 the variation in responses to high-altitude selection pressures present in waterfowl. 
210 This is potentially due to the differing nature of chronic or transient altitude exposure, 
211 or geographic origins (for review seee Laguë, 2017), as when the same selection 
212 pressures are present across species in the same geographic area a recent 
213 transcriptomic study found shifts in gene expression were similar across three high 
214 altitude species relative to closely related low altitude species (Hao et al., 2019). 
215  HAPE (High Altitude Pulmonary Oedema) 
216 In humans at low altitudes, when regions of the lung become hypoxic (due to uneven 
217 or poor ventilation), pulmonary vascular resistance increases via hypoxic pulmonary 
218 vasoconstriction, an adaptive vasomotor response that redistributes blood to better-
219 ventilated lung segments (reviewed in Moudgil et al., 2005). However, this response 
220 can be maladaptive at altitudes where hypoxia is ubiquitous. As a result of increased 
221 or uneven blood flow to localised regions of the alveolar capillary bed (Maggiorini et 
222 al., 2001) the gas exchange barrier can become damaged, allowing proteins and 
223 erythrocytes to leak into the alveoli, restricting the potential for gas exchange, thus 
224 amplifying the vasoconstriction and stimulating an inflammatory response (reviewed 
225 in Swenson et al., 2002). This has been well-described in human mountaineers 
226 (reviewed in Basnyat and Murdoch, 2003) as a cause of non-cardiogenic pulmonary 
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227 oedema, known as HAPE (Bartsch et al., 2005, reviewed in Dehnert et al., 2007). In 
228 prolonged exposure, pulmonary arteries may thicken in response to chronic 
229 vasoconstriction and the resulting increase in pressure may cause right ventricular 
230 hypertrophy and failure (Tucker et al., 1975). Similarly in cattle at high altitude (above 
231 2,100 m), hypoxic pulmonary hypertension has been linked to right heart failure 
232 (brisket disease) and is a major cause of livestock death in high-altitudes (Rhodes, 
233 2005). In contrast, yaks (a closely related bovine) appear to be well adapted to the 
234 high-altitude environments of Tibet (found up to 4,500 m, Dolt et al., 2007; Qiu et al., 
235 2012). Generations of evolution appear to have eliminated hypoxic vasoconstriction in 
236 this species (Anand et al., 1986) and yaks have thin-walled pulmonary vessels despite 
237 chronic altitude exposure (Durmowicz, 1993). In addition, to the authors’ knowledge, 
238 large herbivores such as llamas which have been domesticated in high altitudes of 
239 South America 6,000–7,000 years ago do not develop right ventricular hypertrophy 
240 or pulmonary hypertension (Heath et al., 1974; Riek et al., 2019). 
241 In contrast to the majority of mammals, birds are not known to suffer from HAPE, 
242 because, similar to the high altitude adapted yak, avian pulmonary vessels do not 
243 vasoconstrict in response to hypoxia, regardless of previous exposure of high altitudes 
244 (reviewed in West et al., 2007). Instead pulmonary pressure only increases in 
245 proportion to cardiac output (Black and Tenney, 1980b; Burton et al., 1968; Faraci et 
246 al., 1984a) and thus pulmonary oedema does not appear to occur in birds when 
247 exposed to high-altitude. Even if it did, the unidirectional ventilation and a structural 
248 honeycomb network of support struts of avian airways would ensure they could not 
249 become closed or blocked (Watson et al., 2007). However, in commercial poultry 
250 production in high-altitude environments, maladaptation from selective breeding of 
251 fast-growing chicks may have led to pulmonary arterial hypertension or ‘ascites 
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252 syndrome’ and cardiac failure (Rostami et al., 2016; Yersin et al., 1992). This is 
253 characterised by excessive accumulation of fluid in the abdominal cavity due to 
254 increased demands for cardiac output in hypoxic conditions that is exacerbated by 
255 breeding programmes for increased body size that is disproportional to heart and lung 
256 mass (Khajali and Wideman, 2016). 
257 CIRCULATORY OXYGEN DELIVERY 
258 Cardiac output
259 In addition to changes in ventilation, humans also respond to hypoxia by increasing 
260 cardiac output (Fig. 2C). Within 40 hours of exposure to a simulated altitude of 4,600 
261 m heart rate increased by 34% in a study of resting lowlanders (Vogel and Harris, 
262 1967). By comparison, high-altitude adapted humans from the Tibetan Plateau have 
263 a greater ability to increase heart rate, achieving higher maximal heart rates during 
264 exercise (for review see Gilbert-Kawai et al., 2014). Similarly, high-altitude deer mice 
265 were found to sustain higher heart rates than low altitude populations, both in high and 
266 low-altitude conditions (reviewed in Ivy and Scott, 2017). Birds, in general can sustain 
267 greater cardiac outputs; a 1 kg bird at rest has a cardiac output of approximately 290 
268 mL.min-1 compared to 166 mL.min-1 for a mammal of the same mass ,in addition, birds 
269 have proportionally larger hearts than mammals (Calder, 1968; Grubb, 1983) and can 
270 more than double their cardiac output in hypoxia through a combination of increased 
271 heart rate and stroke volume (Black and Tenney, 1980a; Lague et al., 2016). 
272 On acclimatisation to hypoxia, much like humans, birds can also increase cardiac 
273 output even in species already adapted to high-altitude; bar-headed geese that had 
274 undergone a four-week period at a simulated altitude of 5,450 m had a greater cardiac 
275 output than un-acclimatised bar-headed geese (by approximately 200 mL.min-1) 
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276 (Black and Tenney, 1980a). Similarly, bar-headed geese raised at high altitude 
277 increased cardiac output in response to diminished oxygen sooner than bar-headed 
278 geese raised at sea level (Lague et al., 2016), further demonstrating the importance 
279 of developmental phenotypic plastic responses in addition to acclimatisation for 
280 increasing the capacity to deliver oxygen through both increased ventilation and 
281 cardiac output (Monge and León-Velarde, 1991; Storz et al., 2010). 
282 Blood properties
283 In addition to acute hypoxia responses, humans also make haematological 
284 adjustments after days to weeks at high altitude to sustain oxygen delivery to systemic 
285 tissue, typically by increasing haematocrit and total body haemoglobin mass (Fig. 2C) 
286 and therefore increasing arterial oxygen content (reviewed in Monge and León-
287 Velarde, 1991). This also appears to occur as a fixed, evolved response to high altitude 
288 hypoxia in humans native to the high-altitude Andes (Beall et al., 1998). The cost-
289 benefit of this is uncertain; despite the potential increase in arterial oxygen content, 
290 the resulting increase in blood viscosity creates a greater cardiac load, which may 
291 impair microcirculation, thus ultimately decreasing oxygen delivery to peripheral 
292 tissues (for reviews see Barve et al., 2016; Monge and León-Velarde, 1991; Storz et 
293 al., 2010). At its extreme, prolonged elevation of haematocrit (secondary to central 
294 hypoventilation or increased bone marrow erythropoietin production) can be 
295 associated with chronic mountain sickness in humans (reviewed in Villafuerte and 
296 Corante, 2016) and may perhaps explain why this adaptation is not seen in humans 
297 native to Tibet (Beall et al., 1998) or other high-altitude adapted mammals such as 
298 Andean camelids (reviewed in Monge and León-Velarde, 1991). 
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299 Low altitude species of birds also increase haematocrit when experimentally exposed 
300 to simulated high altitude for prolonged periods (e.g. 3 weeks or more) (Mcgrath, 1971; 
301 Weatheres and Snyder, 1974; Weinstein et al., 1985). A strong erythropoietic 
302 response was found in pekin ducks that underwent a four-week acclimatisation to a 
303 simulated hypobaric hypoxia of 5,450 m, (Black and Tenney, 1980b), and haematocrit 
304 levels of wild citril finches (Serinus citrinella) increased by 6% after ascending to 2,000 
305 m (Borras et al., 2010). In addition to hypoxia, high-altitude environments impose 
306 multiple challenges on vertebrates that may moderate blood properties (Morton, 
307 1976). For example the increased oxygen demand for thermogenesis in the colder 
308 environment at high altitude may also play some role in inducing an erythropoietic 
309 response, indeed lower temperatures experienced by wild citril finches following 
310 ascents to 2,000 m were suggested to contribute to the increase in haematocrit levels 
311 (Borras et al., 2010). Thus, hypoxia alone may not be the sole driver for haematological 
312 changes.
313 In contrast to the pekin duck erythropoietic response, increases in haematocrit level 
314 were not seen in bar-headed geese when exposed to a simulated altitude of 5,450 m 
315 (Black and Tenney, 1980b). This may be because other adaptations in bar-headed 
316 geese, as well as some other bird species, sufficed to maintain oxygen delivery (Butler 
317 et al. 2010; Scott et al. 2015; reviewed in Monge and León-Velarde, 1991), thus 
318 avoiding the increased cardiac load that results from increasing haematocrit (Black 
319 and Tenney, 1980b). This also appears to be the case in Tibetan natives and other 
320 high altitude non-human mammals that have a blunted erythropoietic response to 
321 acute hypoxia, such as deer mice (Lui et al., 2015). 
322 A range of species living at high altitude have haemoglobin with an increased affinity 
323 for oxygen (McCracken et al., 2009a, 2010; Natarajan et al., 2015). Both bar-headed 
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324 geese and Andean waterfowl have a lower  (the  at which haemoglobin is 50% P50 PO2
325 saturated) relative to other avian species  (Black and Tenney, 1980b; Liang et al., 
326 2001; Meir and Milsom, 2013), though the mutation that causes this higher affinity 
327 differs in bar-headed geese from that in Andean waterfowl (Leu-β55 to Ser-β55 in 
328 Andean geese compared with Pro-α119 to Ala-α 119 in bar-headed geese (Weber et 
329 al., 1985)). Camelids and high altitude populations of deer mice have also been found 
330 to have haemoglobin with a higher affinity for oxygen than their low altitude 
331 counterparts (Storz, 2007). However, the overall increase in oxygen consumption that 
332 can be achieved through a high oxygen affinity is the result of a trade-off between 
333 oxygen loading and unloading, sensitive to the altitude experienced (Storz, 2007). A 
334 recent comparative analysis demonstrated that there was ambiguous evidence for 
335 increased haemoglobin oxygen affinity in high altitude mammals, although across 
336 avian species there was a strong positive relationship between bird species’ native 
337 elevation (taken as the mid-point of each species’ elevation range (Projecto-Garcia et 
338 al., 2013)) and haemoglobin oxygen affinity (Storz, 2016). This suggests that high 
339 altitude selection pressures on birds act to increase haemoglobin oxygen affinity and 
340 this contributes to high-altitude birds’ ability to sustain adequate oxygen supply without 
341 incurring the costs of elevated haematocrit levels that lowland birds and mammals 
342 experience. 
343 CEREBRAL OXYGEN DELIVERY AND HACE (High Altitude Cerebral Oedema)
344 Human lowlanders respond to hypoxia induced decreased  with temporarily 𝑃𝑎𝑂2
345 increased cerebral blood flow. Upon initial exposure to high-altitude, cerebral 
346 vasculature dilates and for a short period, blood flow and oxygen delivery to the brain 
347 increases to compensate for reduced (reviewed in Sanborn et al., 2015). 𝑃𝑎𝑂2
348 However, this increase is subsequently diminished as a result of other acute hypoxia 
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349 responses. Firstly, increased ventilation leads to hypocapnia, which causes 
350 vasoconstriction of cerebral blood vessels (Fig. 2D). Secondly, other acclimatory 
351 changes such as increased haematocrit, result in greater arterial oxygen content, so 
352 that cerebral blood flow can decrease without diminishing total cerebral oxygen 
353 delivery (for review see Hoiland et al., 2018). Birds response to high-altitude hypoxia 
354 also begins with increased ventilation and a dilation of the brain vasculature so that 
355 cerebral blood flow is increased. However, an insensitivity of avian brain tissue to 
356 hypocapnia means that avian cerebral vasculature does not appear to vasoconstrict 
357 in response to the ensuing hypocapnia caused by increased ventilation, so cerebral 
358 blood flow is not diminished following prolonged hypoxic exposure (Faraci, 1991; 
359 Faraci et al., 1985) (Fig. 2D). 
360 In humans, alterations to cerebral blood flow in response to hypoxia have been 
361 implicated in the onset of high-altitude cerebral oedema in climbers (HACE). HACE is 
362 thought to be a progression of acute mountain sickness that is marked by ataxia, 
363 headache, diminished conscious level and, ultimately, death (reviewed in Luks et al., 
364 2017). It has been suggested that HACE may result from localised differences in 
365 cerebral blood flow, or where vasodilation and increased inflow are not matched to 
366 venous outflow, leading to microhaemorrhages, and a diverse range of symptoms 
367 (Sagoo et al., 2017). In birds, the lack of vasoconstriction in response to hypocapnia 
368 means that cerebral blood pressure should not increase despite the increase in 
369 cerebral blood flow (Grubb et al., 1977, 1978). Furthermore, avian neurones are less 
370 sensitive to hypoxia than mammalian neurons (Ludvigsen and Folkow, 2009), 
371 consequently HACE is not known to occur in birds (Scott, 2011).
372 SKELETAL MUSCLE OXYGEN DELIVERY AND USE
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373 At the tissue and cellular level, further adaptations and acute hypoxia responses 
374 improve oxygen utilisation in hypoxia in both mammals and birds. Human lowlanders 
375 visiting high altitude over a period of one to two months (i.e. the typical duration of an 
376 expedition in the Himalayas) undergo several muscular changes, including a reduction 
377 in cross-sectional surface area of muscle fibres (Hoppeler et al., 1990; MacDougall et 
378 al., 1991), and thus an improvement in oxygen diffusion as the capillary bed serves a 
379 smaller muscle volume (Hoppeler and Vogt, 2001). In addition, during a typical 
380 expedition to high altitude, the oxidative capacity of lowlanders’ skeletal muscle also 
381 decreases. Oxidative capacity is the ability to consume oxygen and oxidise substrates, 
382 independent of the oxygen availability within the cell. One way this can be reduced is 
383 through a smaller volume density of mitochondria, which has been found to occur in 
384 human lowlanders who undergo a reduction of up to 30% in the subsarcolemmal or 
385 interfibrillar mitochondria following expeditions to high altitude (Hoppeler et al., 1990). 
386 Furthermore, several respiratory enzymes including citrate synthase, cytochrome 
387 oxidase (Howald et al., 1990), succinate dehydrogenase and hexokinase activities 
388 also decrease (Green et al., 1989; MacDougall et al., 1991). This serves to potentially 
389 reduce production of harmful reactive oxygen species (Hoppeler et al., 2003). For 
390 athletes wishing to incur some of the benefits of exposure to high altitude (i.e. 
391 increased oxygen carrying capacity of the blood) without incurring these muscular 
392 costs, a schedule of intermittent hypoxia may be required (reviewed in Dempsey and 
393 Morgan, 2015). Total oxygen consumption in human high altitude residents may be 
394 enhanced relative to that in lowlanders through increased oxygen delivery, achieved 
395 by greater capillary to muscle fibre ratios (Kayser et al., 1991) and higher rates of 
396 oxygen consumption per mitochondria. This may be the result of an enhanced 
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397 efficiency in ATP turn over achieved through coupling of ATP supply and demand 
398 pathways (Hoppeler and Vogt, 2001; Hoppeler et al., 2003). 
399 However, birds have greater mass-specific  than mammals, and this is supported 𝑉𝑂2
400 by up to twice the capillarity in locomotor muscles than mammals (Fig. 2D) (Faraci, 
401 1991; Mathieu-Costello et al., 1992) meaning that oxygen delivery to the muscles is 
402 more effective, as diffusion distances are reduced. This advantage is increased further 
403 in bar-headed geese, which have significantly higher capillary densities and higher 
404 capillary to muscle fibre ratios at the surface of flight muscles, relative to those in low 
405 altitude waterfowl species, facilitating higher levels of oxygen delivery required during 
406 high-altitude flights (Scott et al. 2011; Scott et al. 2009). Furthermore, avian flight 
407 muscle has a higher oxidative capacity and greater ability to metabolise fat than 
408 mammals (Rosser and George, 1986; for reveiws see Butler, 2016; McGuire and 
409 Guglielmo, 2009). When mammals are exercising at maximal rates, fatty acids supply 
410 approximately 15% of the fuel metabolised (Weber et al., 1996). However, in birds 
411 90% of energy demand maybe derived from fatty acids, made possible by a 
412 heightened capacity to transport fatty acids through an in increase in fatty acid 
413 transport proteins on the membranes of the muscles relative to mammals (Fig. 2E) 
414 (reviewed in Guglielmo, 2010). This appears to be an adaptation necessary to sustain 
415 the high oxygen demands of flight (Tucker, 1970), rather than a response to hypobaric 
416 hypoxia per se. It is yet to be shown if greater fatty acid metabolism is beneficial at 
417 high altitudes given the higher oxidative cost of metabolising fatty acids; oxidizing lipids 
418 becomes increasingly expensive relative to glycogen with increasing altitude (Melzer, 
419 2011; Yap et al., 2018). Enzymes involed in the metabolism of fatty acids were not 
420 found to vary across the locomotory muscles of high and low altitude populations of 
421 torrent duck (Dawson et al., 2016). However, high alittude populations of deer mice 
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422 have been found to have greater proportions of type I muscle fibres than low altitude 
423 populations, which may increase their capacity to transport fatty acids (Lui et al., 
424 2015). Furthermore, relative to low-altitude cattle, yaks have been shown to undergo 
425 modifications in five key genes in nutrition pathways relating to fatty acid metabolism 
426 (Qiu et al., 2012). These studies suggest that fatty acid metabolism may be selected 
427 for or enhanced in high-altitude environments in mammals but it is not yet clear if the 
428 same is true in birds, which already have a higher capacity to metabolise fatty acids 
429 than mammals (Lui et al., 2015a; for review see Storz et al., 2019).
430 Avian high-altitude species can further increase oxidative capacity at the cellular level. 
431 High-altitude resident populations of torrent duck have significantly increased activities 
432 of cytochrome oxidase, phosphofructokinase, pyruvate kinase and malate 
433 dehydrogenase in the locomotor muscles relative to those in ducks living at low altitude 
434 (Dawson et al., 2016). It is unknown whether these adaptations are common among 
435 other high-altitude adapted bird species (respiratory enzyme activity has not been 
436 studied in many other species to date) but other adaptations at the cellular level have 
437 been described in bar-headed geese. These include a redistribution of mitochondria 
438 closer to the capillaries, relative to those in low altitude waterfowl, which is the opposite 
439 response of low altitude humans acutely exposed to high-altitude, whom undergo a 
440 reduction in subsarcolemmal mitochondria (Hoppeler et al., 1990; Scott et al., 2009, 
441 2011). Similar adaptations have also been described in high altitude populations of 
442 deer mice, including increased capillarity, a redistribution of mitochondria to reduce 
443 the intracellular oxygen diffusion distances and increased activity of key respiratory 
444 enzymes (Lui et al., 2015b; Mahalingsam et al., 2017; Scott et al., 2015a; for review 
445 see McClelland and Scott, 2018). Therefore, chronic high-altitude hypoxia exposure 
446 appears to have acted in both birds and mammals to enhance the oxidative capacity 
Page 19 of 41
Mary Ann Liebert, Inc., 140 Huguenot Street, New Rochelle, NY 10801





























































For Peer Review ONLY/Not for Distribution
20
Parr
447 as well as oxygen delivery to skeletal muscle. Such increases in oxidative capacity at 
448 the skeletal muscle contribute to greater overall maximum oxygen consumption (𝑉
449 ). At the taxon level birds appear to be able to support a higher than 𝑂2𝑚𝑎𝑥 𝑉𝑂2𝑚𝑎𝑥 
450 mammals (Fig. 2), which is beneficial at high altitudes characterised by both reduced 
451 oxygen availability and increased thermoregulation demands given the cold challenge. 
452 CONCLUSION 
453 Birds’ ability to sustain the high metabolic rates to facilitate the demands of flight likely 
454 confer benefits that allow birds to better tolerate hypoxia relative to mammals, 
455 including humans. Species and populations of birds and mammals that are regularly 
456 exposed to high-altitudes have adaptations to enhance oxygen delivery, including 
457 greater HVR and a greater capacity for oxygen carrying capacity of the blood 
458 (reviewed in Butler, 2010; Ivy and Scott, 2014; Scott, 2011; Scott et al., 2015). More 
459 recent research has shown that high altitude can also act as a strong selection 
460 pressure for greater oxidative capacity at the cellular level across both birds (Dawson 
461 et al., 2016; Hao et al., 2019; Yap et al., 2018) and mammals (McClelland and Scott, 
462 2018; Storz, 2007). Despite these shared features, the advantages of the avian lung, 
463 haemoglobin with a high oxygen affinity and insensitivity to hypocapnia triumphs. 
464 Recent comparisons of high-altitude adaptations in resident waterfowl in the Andes 
465 and migratory bar-headed geese reveal that different mechanisms can serve to 
466 increase hypoxia tolerance (Laguë et al., 2017; reviewed in Laguë, 2017). However 
467 there are common features unique to birds that visit high altitudes that include more 
468 effective gas exchange with a greater hypoxic ventilatory response, larger lungs with 
469 higher capillarization, enhanced cardiac output, greater oxygen delivery to skeletal 
470 muscle due to increased haemoglobin oxygen affinity, and higher capillary to fibre 
471 ratios with increased oxidative capacity. Indeed, on rare occasions, several species of 
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472 birds have been detected flying at exceptional altitudes (Hawkes et al., 2012; 
473 Laybourne, 1974; Noel, 1927; Parr et al., 2017). While extreme high-altitude flight may 
474 not represent their typical behaviour, the question remains as to how high the best 
475 adapted avian species could reach, possibly with the assistance of orographic lift 
476 (Bishop et al., 2015). 
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484 FIGURE LEGENDS
485 Figure 1: Schematic diagram showing records of humans and birds found at high 
486 altitude in relation to commercial aircraft cruising altitude and some of the world’s 
487 highest mountains. High-altitude birds are, for the majority of the time, found at much 
488 lower altitudes, but make rare flights above 5,500 metres altitude. Sources: Beall, 
489 2014; Borras et al., 2010; Dawson et al., 2016; Hawkes et al., 2011; Hawley et al., 
490 2018; Laybourne, 1974; McCracken et al., 2009b; Mukherjee et al., 2008; Noel, 1927; 
491 Parr et al., 2017; West, 2002
492 Figure 2: Diagram of the oxygen transport chain, detailing the physiological 
493 adjustments to high-altitude hypoxia that have been documented in low-altitude native 
494 humans ascending to high altitude and details of preadaptations that are common 
495 across all birds and allow for a greater tolerance of hypoxia relative to mammals before 
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496 any physiological adjustments occur upon exposure to hypoxia. Sources: [1] West, 
497 2006, [2] Moudgil et al., 2005, [3] Grocott et al., 2009, [4] Wagner, 2010, [5] Hoiland 
498 et al., 2018, [6] Maina, 2000, [7] Scott, 2011, [8] Scheid and Piiper, 1972, [9] Lague et 
499 al., 2016, [10] Grubb, 1983, [11] Maginniss et al., 1997, [12] Scott et al., 2009, [13] 
500 Faraci et al., 1984, [14] McGuire and Guglielmo, 2009, [15] Ward et al., 2002. 
501
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Schematic diagram showing records of humans and birds found at high altitude in relation to commercial 
aircraft cruising altitude and some of the world’s highest mountains. High-altitude birds are, for the majority 
of the time, found at much lower altitudes, but make rare flights above 5,500 metres altitude. Sources: 
Beall, 2014; Borras et al., 2010; Dawson et al., 2016; Hawkes et al., 2011; Hawley et al., 2018; Laybourne, 
1974; McCracken et al., 2009b; Mukherjee et al., 2008; Noel, 1927; Parr et al., 2017; West, 2002 
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Diagram of the oxygen transport chain, detailing the physiological adjustments to high-altitude hypoxia that 
have been documented in low-altitude native humans ascending to high altitude and details of 
preadaptations that are common across all birds and allow for a greater tolerance of hypoxia relative to 
mammals before any physiological adjustments occur upon exposure to hypoxia. Sources: [1] West, 2006, 
[2] Moudgil et al., 2005, [3] Grocott et al., 2009, [4] Wagner, 2010, [5] Hoiland et al., 2018, [6] Maina, 
2000, [7] Scott, 2011, [8] Scheid and Piiper, 1972, [9] Lague et al., 2016, [10] Grubb, 1983, [11] 
Maginniss et al., 1997, [12] Scott et al., 2009, [13] Faraci et al., 1984, [14] McGuire and Guglielmo, 2009, 
[15] Ward et al., 2002. 
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